The observations the dc voltage on asymmetric superconducting ring testify that one of the ring segments is a dc power source. The persistent current flows against the total electric field in this segment. This paradoxical phenomenon is observed when the ring or its segments are switched between superconducting and normal state by non-equilibrium noises. We demonstrate that the dc voltage and the power increase with the number of the identical rings connected in series. Large voltage and power sufficient for practical application can be obtained in a system with a sufficiently large number of the rings. We point to the possibility of using such a system for the observation of the dc voltage above superconducting transition and in the asymmetric rings made of normal metal.
INTRODUCTION
An electric current induced in a resistive circuit R > 0 will rapidly decay in the absence of an applied voltage. But the persistent current I p , quantum phenomenon observed in rings of superconductors [1, 2] and normal metals [3, 4] may stay alive for long time under these conditions. It is known that the conventional circular electric current I induces the potential difference V = 0.5(R n − R w )I (1) on the halves of the ring with different resistance R n > R w . Could the persistent current induce a similar voltage? The observations [1] [2] [3] [4] I p = 0 at R > 0 allow to answer on this question experimentally. The voltage V dc ∝ I p can easily be distinguished since the persistent current changes periodically in magnetic field B with the period B 0 = Φ 0 /S corresponding to the flux quantum Φ 0 = 2π /q inside the ring with the area S [1] [2] [3] [4] . The flux quantum equals Φ 0 ≈ 20.7 Oe µm 2 for Cooper pairs with the charge q = 2e. The quantum oscillations of the dc voltage V dc (Φ) ∝ I p (Φ) were observed first time as far back as 1967 in measurements of an asymmetric dc SQUID, i.e. a superconducting loop with two Josephson junctions [5] , and later in measurements of an asymmetric superconducting ring [6] . This effect still remains without the due attention. Although the observation V dc (Φ) ∝ I p (Φ) deserves the attention due to its paradoxicality and possible practical significance. The experiments [5, 6] testify that the persistent current I p , circulating in the ring clockwise or anticlockwise, flows against the dc voltage V dc , directed from left to right or from right to left, in one of the ring halves. Therefore this half is a dc power source V dc I p . In order to draw the attention of experimenters to the importance of the quantum effect discovered in [5, 6] we demonstrate that the dc power V dc I p is summed in a system of identical asymmetric superconducting rings connected in series. The amplitude of the oscillations V dc (Φ), which was observed on the asymmetric dc SQUID, was not exceeded 15 µV [5] and 1 µV at the measurement of the single asymmetric ring [6] . The amplitude can be increased many times when using a system with a large number of identical rings.
EXPERIMENTAL DETAILS
We use the system of 1080 asymmetric aluminum rings with the same radius r ≈ 1 µm, Fig.1 , and the system of 667 aluminum rings with the same radius r ≈ 0.5 µm. The systems were fabricated by e-beam lithography and lift-off process of d ≈ 20 nm (the 1080 rings) and d ≈ 30 nm (the 667 rings) thick aluminum film. The 1080 rings were more asymmetric than the 667 one: the arm widths of all 1080 rings were w n ≈ 200 nm and w w ≈ 400 nm for narrow and wide parts, respectively and w n ≈ 100 nm and w w ≈ 125 nm of all 667 rings. The resistance in the normal state was R n ≈ 8000 Ω of the 1080 rings and R n ≈ 5400 Ω of of the 667 rings; the resistance ratio R(300K)/R(4.2K) ≈ 1.7 and R(300K)/R(4.2K) ≈ 2; superconducting transition temperature T c ≈ 1.360 K and T c ≈ 1.320 K; the width of the resistive transition ∆T c ≈ 0.02 K and ∆T c ≈ 0.01 K. The temperature dependence of the critical current is described by the relation I c = I c (T = 0)(1 − T /T c ) 3/2 , Fig.4 , where I c (T = 0) ≈ 700 µA for the 1080 rings I c (T = 0) ≈ 520 µA for the 667 rings. The critical current density j c (T = 0) ≈ 10 7 A/cm 2 equals approximately the depairing current density [7] .
A TRANSFORMER WITHOUT THE PRIMARY WINDING
The oscillations V dc (Φ) ∝ I p (Φ) with the amplitude up to V A ≈ 1 µV = 10 −6 V were observed on a single asymmetric aluminum ring at the temperature T ≈ 0.98T c and non-equilibrium noises I noise = f max f min df I f sin(2πf t + φ f ) with the current amplitude
1/2 ≈ 3 µA. We observed the oscillations, Fig.2 , with the amplitude V A ≈ 1.6 mV = 0.0016 V about a thousand times more on the 1080 rings under similar conditions. The increase of the voltage V N = N V 1 with the number N of the rings is a trivial effect if the current I in the ring with the resistance R n + R w is induced by the Faraday electromotive force −dΦ/dt in accordance with the well known relation (R n + R w )I = −dΦ/dt. A homogeneous magnetic field B induces the same magnetic flux Φ = BS = πr 2 in all rings with the same radius r. Therefore the current I = (R n + R w ) −1 (−dΦ/dt) = (R n + R w ) −1 S(−dB/dt) has the same direction and value in all identical rings when the magnetic field changes in time dB/dt = 0. The voltage (1) should also has the same sign and value in all identical rings and therefore V N = N V 1 . For example, if a current I induces the voltage (1) V 1 ≈ 1.5 µV on each ring then the voltage V 5 ≈ 7.5 µV will be observed on five rings connected in series, Fig.1 , and the voltage V 1080 ≈ 1620 µV = 1.62 mV should be observed on the 1080 rings.
The system of asymmetric rings may be considered in this case as the secondary winding of the electric transformer. The primary winding of the electric transformer induces the current I sw in the secondary winding in order to obtain the power W load = R load I 2 sw on a load with the resistance R load , Fig.3 at the left. The circular current I sw flows in the secondary winding against the potential electric field E p = −∇V thanks to the Faraday electromotive force −N sw dΦ/dt induced by the current I pw in the primary winding, Fig.3 at the left. Here N sw is the number of coils of the secondary winding; Φ is the magnetic flux induced by the current I pw of the primary winding. The total electric field E = −∇V − dA/dt equals zero in the secondary winding when its resistance is equal zero. The voltage on the load V load = R load I sw equals the Faraday electromotive force V load = −N sw dΦ/dt in this ideal case.
The circular current I sw flows against the potential electric field E p = −∇V also in the wide half when the current I pw of the primary winding induces the Faraday electromotive force in the asymmetric ring, Fig.3 at the center. Therefore the wide half with the resistance R w may be considered as the secondary winding whereas the narrow half with the resistance R n > R w may be considered as the load. Useful power can be obtained at a load connected in parallel to the narrow half, although such a transformer is not the most efficient. The voltage and power obtained on the load must increase in proportion to the number of asymmetric rings connected in series. The system of asymmetric rings connected in series cannot be a power source without the primary winding when the conventional circular current in the ring is induced by the Faraday electromotive force. The persistent current is observed without the Faraday electromotive force, Fig.3 at the right. Therefore the system of asymmetric rings with the persistent current can be a power source without the primary winding. In this case the wide half may be considered as the secondary winding and the narrow half as the load. On the right is the case of the dc voltage observed on an asymmetric ring with the persistent current at a magnetic flux not varying in time dΦ/dt = 0. The persistent current Ip flows against the total electric field E = −∇V in the wide half in contrast to the conventional current Isw the direction of which corresponds to the direction of the total electric field E = −∇V − dA/dt thanks to the Faraday electric field −dA/dt = −l −1 dΦ/dt, see in the center. The photos of a real aluminum ring with the radius r ≈ 1 µm is shown. Such ring was used for the observation of the V dc (Φ) oscillations.
THE PERSISTENT CURRENT FLOWS AGAINST THE TOTAL ELECTRIC FIELD
Our observation is not trivial and is even paradoxical since we observed the dc voltage V dc ≈ 1.6 mV in magnetic field, for example B ≈ Φ 0 /4S, constant in time dB/dt = 0, Fig.2 . The conventional electric current, induced by the Faraday electromotive force −dΦ/dt = −ldA/dt, flows against the potential electric field E = −∇V in the wide half (1), but its direction corresponds to the direction of the total electric field E = −∇V − dA/dt in both halves, Fig.3 at the center. The Ohm law jρ = E = −∇V − dA/dt and the forces balance are valid in this case: F E + F dis = 0 at dI/dt = 0. The force F E = qE of the electric field E = −∇V − dA/dt acting on the electrons is balanced the dissipation force F dis . These laws are not valid for our observation, Fig.2 . The observation of the dc voltage V dc at −dΦ/dt = −ldA/dt = 0 means that the persistent current flows against the total electric field E = −∇V in the wide half, Fig.3 at the right.
WHY CAN THE PERSISTENT CURRENT NOT DECAY?
This paradox is connected with other paradox: the persistent current I p = 0 does not decay in the ring with a non-zero resistance R > 0 [1] [2] [3] [4] in spite of the energy dissipation with the power RI 2 p without the Faraday electromotive force −dΦ/dt = 0. The persistent current of Cooper pairs is not zero I p = 0 but the resistance is equal zero R = 0 in superconducting state, whereas in normal state R > 0 but I p = 0. Therefore the both paradoxes Fig.2 , and I p = 0 at R > 0 [1, 2] can be observed when the ring or its segments are switched between superconducting and normal states.
The wave function Ψ = |Ψ|e iϕ describing a superconducting pairs exists along the whole circle l = 2πr when all ring's segments are in superconducting state with a non-zero density of Cooper pairs |Ψ| 2 = n s > 0. According to the canonical definition, the gradient operatorp = −i ∇ corresponds to the canonical momentum p = mv + qA of a particle with a mass m and a charge q both with A = 0 and without A = 0 magnetic field. Whereas the operator of the velocityv = (p − qA)/m = (−i ∇ − qA)/m [8] depends on the magnetic vector potential A. The angular momentum of each Cooper pair in the superconducting state has discrete values m p = l dlΨ * p Ψ/2π l dlΨ * (−i ∇)Ψ/2π = n due to the Bohr quantization m p = rp = rmv = n or the requirement l dl∇ϕ = n2π of uniqueness of the wave function at any point of the circle Ψ = |Ψ|e iϕ = |Ψ|e i(ϕ+n2π) . The velocity
cannot be equal zero when the magnetic flux Φ = l dlA inside the ring is not divisible Φ = nΦ 0 by the flux quantum Φ 0 due to the dependence of the operator of the velocity on the magnetic vector potential A. The effects connected with this dependence were first predicted by Aharonov and Bohm [9] . Therefore, they are referred as the Aharonov -Bohm effects. The persistent current equals
since all N s = l dlsn s Cooper pairs, being bosons, have the same quantum number n in superconducting ring with the macroscopic volume V = l dls.
is the kinetic inductance of Cooper pairs in the ring with the section area s and the density of Cooper pairs n s varying along the circumference l = 2πr. The value of the persistent current (3) and the discreteness of the permitted state spectrum depend on the density of Cooper pairs n s in each ring's segment [10] . The difference the kinetic energy [11] 
between the permitted states is large [12] in all ring's segments. But it becomes zero when a segment l A is switched in normal state with n s,A = 0 and R A > 0 since 1/L k ∝ 1/(sn s ) −1 → 0 at n s,A → 0 [10] . The current, circulating in the ring I(t) = I p exp −t/τ RL should decay during a short relaxation time τ RL = L/R A after this transition at t = 0, here L is the total inductance of the ring. But the persistent current (3) must appear again due to the quantization (2) when all rings segments return in superconducting state since the state with the zero current is forbidden at Φ = n ′ Φ 0 . The current will have the same direction at Φ = (n ′ + 0.5)Φ 0 because of the predominate probability of the permitted state n corresponding to the minimal kinetic energy (4). Therefore the current I p = Θ The voltage (1) should be equal zero in a symmetric ring with the equal resistance of the halves R n = R w . The voltage should not be observed also in a symmetric ring with the persistent current when its segments are switched in normal state with the equal frequency. The potential difference V A (t) = R A I(t) = R A I p exp −(t − t i )/τ RL should appear on a segment l A after each its transition at t = t i in the normal state with the resistance R A . The sign of the voltage V A will correspond to the direction of the persistent current I p each time t i . But the dc voltage will not be observed if all other ring's segments are switched also as the segment l A . The dc voltage V dc = V = Θ −1 Θ dtV (t) = 0 can be observed only in an asymmetric ring with dissimilar segments. For example, the dc voltage V dc ≈ f sw LI p should be observed at the low frequency of the switching f sw ≪ 1/τ RL and V dc ≈ R A I p at the high frequency f sw ≫ 1/τ RL when only one segment l A is switched in normal state [13] .
The persistent current I p = 0 is observed at a nonzero resistance R l > 0 [1, 2] in the temperature region corresponding to the superconducting resistive transition where 0 < R l < R n because of thermal fluctuations switching ring's segments between the superconducting state (with R = 0) and normal state (with R = R n ) [11] . The oscillations of the dc voltage V dc (Φ) ∝ I p (Φ) were observed [5, 6] in superconducting state at T < T c where thermal fluctuations cannot switch rings segments in normal state. They are switched in this case by non-equilibrium noises. The experimental investigation [7, 14] have corroborate that the oscillations V dc (Φ) appear when the amplitude of the noises or a sinusoidal current I sin = I A sin(2πf t) reaches the critical current I c = I c (T = 0)(1 − T /T c ) 3/2 at the temperature T < T c of measurement. Their amplitude quickly reaches a maximum and decreases with further increase in the current amplitude [7, 14] . The temperature dependence of the V dc (Φ) amplitude V A (T ) is also non-monotonic for a given value of the amplitude 2I 2 , the amplitude V A (T ) increases with temperature T , reaches a maximum V A,max at T = T max , and then decreases [15] [16] [17] .
The maximum voltage V A,max increases and is observed at a lower temperature T max with the increase of the amplitude 2I 2 
DETECTOR OF WEAK NOISE AND DC POWER SOURCE
The non-equilibrium noise 2I 2 noise 1/2 ≈ 3 µA switching the single ring in the normal state at T ≈ 1.2 K < T c in [6] is the thermal Nyquist noise equilibrium at the room temperature T ≈ 300 K. The power of the Nyquist noise W N yk,f = 4k B T df is distributed evenly across all frequencies from zero f min = 0 to the quantum limit f max ≈ k B T /h [18] . The total power of the Nyquist noise W N yk,t = 4(k B T )
2 /h at the room temperature T ≈ 300 K reaches ≈ 10 responds to the total power of the Nyquist noise at an effective resistance R hf ≈ W N yk,t /2I 2 noise of the wires connecting the rooms and low-temperature measuring system equal ≈ 10 kΩ. The noise amplitude was reduced by an order of magnitude down to 2I 2 noise 1/2 ≈ 0.25 µA in [15] , due to the increase in the effective resistance at high frequencies up to R hf ≈ 1 M Ω. The effective resistance was increased up to R hf ≈ 100 M Ω and the noise amplitude was decreased down to a value of less than 2I 2 noise 1/2 ≈ 20 nA in [16] thanks to special lowtemperature π-filters and coaxial resistive twisted pairs.
This noise reduction allowed to demonstrate the possibility of using asymmetric superconducting rings connected in series as a detector of very weak noise [17] . Here we draw the attention of experimenters on the opportunity to use the system with big number of asymmetric superconducting nano -rings as the dc power source. This exploitation requires the increase rather than the reduction of the noise amplitude 2I 2 noise 1/2 . The load at the room temperature T ≈ 300 K may be considered also as the source of the Nyquist current in the electric circuit including the system of asymmetric superconducting rings. The Nyquist current switches the rings between superconducting and normal states and thus induces the dc voltage V dc .
THE RATIO BETWEEN THE CRITICAL CURRENT AND THE PERSISTENT CURRENT
The maximum power (T, B) . Therefore one can get more power V dc I p at low noise 2I 2 noise 1/2 when the critical current is much less than the persistent current I c (T, B) ≪ I p . According to the predictions of the theory, confirmed experimentally [19] , the critical current of the symmetric ring is described by the formula
The ratio I p,A /I c0 = √ 3ξ(T )/4r of the critical currents
3/2 at I p = 0 to the amplitude I p,A = I p,A (T = 0)(1 − T /T c ) the persistent current is determined by the ratio of the correlation length of the superconductor ξ(T ) = ξ(0)(1 − T /T c ) −1/2 to the radius of the ring r [11] . Therefore the critical current at Φ ≈ (n + 0.5)Φ 0 of the ring with a small radius r ≈ √ 3ξ(T )/2 may be equal zero or be much smaller than the persistent current
Measurements of the system of 667 of aluminum rings with the radius r ≈ 500 nm, Fig.5 , corroborate this possibility. The magnetic dependence of the critical current measured in the opposite directions are almost identical, Fig.5 , because the rings are almost symmetric w w ≈ w n . The dependence are described by the relation (6) at I c0 ≈ 2.9 µA and I p,A ≈ 1.25 µA. The relation I p,A /I c0 = √ 3ξ(T )/4r ≈ 0.43 corresponds to ξ(T = 0.97T c ) ≈ 500 nm and the value ξ(0) ≈ 100 nm typical for aluminium film with small free path of electrons. The theoretical I c ≈ I c0 − 2I p,A ≈ 0.4 µA and measured I c ≈ 0.6 µA at Φ = ±0.5Φ 0 values of the critical current is smaller the persistent current |I p | = I p,A ≈ 1.25 µA.
QUANTUM FORCE
The connection of the observations Fig.2 , with the switching between the discrete and continuous spectrum of the permitted states (4) allows to describe why the persistent current does not decay in spite of a non-zero dissipation R l I 2 p > 0 and can flow against the total electric field E = −∇V dc . The angular momentum of each from N s pairs changes from the value m p = n corresponding to the quantization to the value m p = qΦ/2π = Φ/Φ 0 corresponding to the zero velocity v = 0 when the circular electric current I(t) changes from I(t) = I p to I(t) = 0. This change occurs under the influence of the dissipation force F dis . The opposite change from the m p = Φ/Φ 0 to m p = n should occur due to the quantization when the entire ring returns in the superconducting state. The change of the momentum p per an unit time due to the quantization when the ring is switched with a frequency f sw is called "quantum force" in [20] . The quantum force compensates for the dissipation force and provides a balance of forces
replacing the Faraday electromotive force −qdΦ/dt + l dlF dis = 0.
COULD THE DC VOLTAGE BE OBSERVED IN THE FLUCTUATION REGION OF SUPERCONDUCTING ASYMMETRIC RINGS AND IN NORMAL METAL ASYMMETRIC RINGS?
According to (1) the voltage should observed when the current I in the asymmetric ring and its resistance R n > R w are not zero. The persistent current I p = 0 is observed at a non-zero resistance R l > 0 in the fluctuation region of superconductors rings at T ≈ T c [1, 2] and in normal metal rings [3, 4] . Whereas the voltage V dc (Φ) ∝ I p (Φ) was observed [5, 6] for the present in the main only in superconducting state where the equilibrium resistance R l = 0. It is more difficult to observe the voltage V dc (Φ) ∝ I p (Φ) at R l > 0 since the persistent current is much smaller in the fluctuation region and in normal metal rings than in superconducting state: in the superconducting state I p,A ≈ 100 µA(1 − T /T c ) [7] whereas in the fluctuation region I p,A ≈ 0.1 µA [2, 15] and I p,A ≈ 0.001 µA [3] in normal metal rings. Therefore the 1080 rings were needed in order to observe the oscillations V dc (Φ) with the amplitude V A > 0.02 µV in the lower part of the resistive transition R l < 0.3R n [16] .
It is needed more rings in order to observe the visible oscillations V dc (Φ) in the upper part of the resistive transition and in normal metal rings. The experimental investigations of the system with big number of asymmetric rings connected in series may have fundamental importance. The authors [3] note fairly: "An electrical current induced in a resistive circuit will rapidly decay in the absence of an applied voltage. This decay reflects the tendency of the circuits electrons to dissipate energy and relax to their ground state" and claim that the persistent current is dissipationless in spite of the non-zero resistance of the rings. The author [21] agrees with the authors [3] although he recognizes: "The idea that a normal, nonsuperconducting metal ring can sustain a persistent current -one that flows forever without dissipating energy -seems preposterous. Metal wires have an electrical resistance, and currents passing through resistors dissipate energy".
The authors [3] claim that the dissipation power equals zero R l I 2 p = 0 although they measure a non-zero resistance R l > 0 and observe the persistent current I p = 0. They don't even try to explain the contradiction of their claim, according to which R l I 2 p = 0 at R l > 0 and I p = 0, with mathematics. The opinion of the author [22] (who has predicted in the first time the persistent current in normal metal) about the paradoxical possibility I p = 0 at R l > 0 does not contradict mathematics: "The current state corresponds in this case to the minimum of free energy, so the account of dissipation does not lead to its disintegration". It is argued in [23] that the author [22] rather than the authors [3, 21] is right. According to his opinion the I p = 0 observed at R l > 0 is a type of the Brownian motion [18] likewise the Nyquist noise. Nobody claims that the Brownian motion and its type -the Nyquist current are dissipationless. The kinetic energy of Brownians particles dissipates into the thermal energy k B T and is taken from the thermal energy [18] . Therefore the power of the Nyquist noise W N yk = 4k B T ∆f = R l I 2 N,f is proportional to the thermal energy [18] . The authors [3, 21] claim that the power of the persistent current equals zero W p = R l I 2 p = 0 since it is the power of the direct current in contrast to the power of the Nyquist noise which equals zero at the zero frequency f = 0. According to their claim the voltage (1) should not be observed in spite of a non-zero value R n − R w and the persistent current I p in normal metal ring [3, 4] since the observation of the voltage V means the observation of the power V I p . In contrary to the opinion of the authors [3, 4] the voltage V ∝ I p may be observed according to the author [23] .
CONCLUSION
The authors [24] used a system of approximately ten million (N ≈ 10000000!) of rings with the radius r ≈ 300 nm in order to observe the persistent current of electrons. The proportionality V A,N ≈ N V A,1 of the voltage V A,N with the number N of asymmetric rings connected in series means that the oscillation V dc (Φ) with the amplitude up to 10 V may be observed on the system with such huge number of rings when the rings are switched between superconducting and normal states by the noises with the amplitude 2I 2 noise 1/2 ≈ 3 µA. The 10 7 rings occupy a 7 mm 2 area on the substrate [24] . The obvious relation (1) raises the question: "Can the persistent current observed above the superconducting transition and in normal metal rings create a potential difference in asymmetric rings?" The system with a large number of identical asymmetric rings should allow to answer on this question experimentally. The answer will have fundamental importance. It is more difficult to observe the voltage in the case of the rings made of normal metals since the persistent current of electrons, in contrast to the one of Cooper pairs, has different direction even in identical rings.
